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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-360 

BENDING AND COMPRESSION TESTS OF PRESSURIZED 

RING-STIFFENED CYLINDERS 

By Marvin B. Dow and James P. Peterson 

SUMMARY 

The results of tests on pressurized ring-stiffened cylinders sub- 
jected to compression and bending are presented and discussed. The 
results obtained at high values of internal pressure differ from those 
obtained by previous investigators in that the theoretical small- 
deflection compressive buckling coefficient of 0.6 was nearly achieved 
in each test. 
bilizing effect in the bending tests than in the compression tests. 

Snall mounts of internal pressure had a greater sta- 
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INTRODUCTION 

rnh llle pressurized ring-stiffened ihifi-valled cylinder can be used 
effectively as a fiiselege for aircraft or missiles if the expected air- 
loads and maneuver loads are small. 
S E - Z ~ ~ ,  x membrane can be used which derives its stabilization entirely 
from internal pressure. For larger loads the cylinder itself provides 
some stabilization. It is on this latter range that considerable inter- 
est has recently been focused, with the result that several test series 
on pressurized cylinders have been conducted. 

if the loads are sufficiently 

(See refs. 1 to 6.) 

Practically all previous tests have been made on single-bay speci- 
mens clamped at each end to heavy fixtures. In some cases the speci- 
mens were small. In other cases the specimens were constructed from 
materials which develop some plasticity at very low stress levels. 
Experience in testing unpressurized cylinders has indicated that the 
results of tests on such cylinders may differ substantially from those 
obtained on larger ring-stiffened cylinders. (See ref. 7.) 

Some of the results obtained to date on pressurized cylinders seem 
inconsistent with current explanations of cylinder behavior in that 
even large amounts of internal pressure did not stabilize the test 
cylinders to the extent that the theoretical small-deflection buckling 
stress was nearly achieved. 
theory and experiment is usually associated with geometric imperfections 

The discrepancy between perfect-cylinder 
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and associated stress concentrations. Large amounts of internal pres- 
bure should pull out imperfections that might have existed prior to 
pressurization and provide cylinders which are substantially in agree- 
ment with theory. Pressurization also induces axisymmetric radial 
deformations of the cylinder wall near the ends of the cylinder which 
may be looked upon as a type of imperfection. 
bulging of the cylinder wall near the ends of the cylinder, these defor- 
mations are extremely small until the applied axial stress approaches 
the theoretical small-deflection buckling value. 

However, except for a 

In order to provide test data on cylinders lacking some of the L 
objections discussed, tests were made on 30-inch-diameter ring-stiffened 8 
cylinders constructed of 7075-T6 aluminum alloy. 8 
investigation which include both bending and compression tests are 1 

The results of this 

reported herein. 
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SYMBOL s 

Young ' s modulus , ks i 
ring :pacing, in. 

internal pressure, ksi 

pressure parameter 

radius of cylinder, in. 

thickness of cylinder wall, in. 

curvature parameter, - 
Rt 

compressive stress in cylinder wall, ksi 

stress coefficient 

Poisson's ratio 



TEST SPECIMENS AND TEST PROCEDURES 

Test Specimens 

I1 

The test specimens consisted of twenty 30-inch-diameter ring- 
stiffened cylinders in which only the wall thickness and number of test 
bays per cylinder were varied from cylinder to cylinder. The cylinders 
were similar to those used in reference 7. Their dimensions are given 
in tables I and 11. The rings of the test cylinders were of Z-section 
and were made by spinning. 
attaching the rings to the cylinder wall are given in figure 1. 

Dimensions of the rings and the means of 

The bending cylinders with nominal wall thicknesses of 0.032 and 
O.O5l inch were constructed with the with-grain direction of the wall 
material in the circumferential direction and with a single longitudi- 
nal wall splice on the tension side of the cylinder. The remaining 
cylinders were constructed with three equally spaced wall splices and 
with the with-grain direction of the wall material in the axial direc- 
tion. For the bending tests of cylinders with three wall splices, the 
cylinders were oriented so that the maximum compessive stress occurred 
between skin splices; and, no difficulty was experienced with the skin 
splices. However, in the compression tests, buckling sometimes seemed 
to emanate from the vicinity of a skin splice which consisted of a lap 
joint held together by a double row of rivets and Araldite cement. 
One of the two sections of skin comprising the joint was joggled in 
the early tests as is often done to yrovide a neater seam. These seams 
were iater reinforced for the compression-test cylinders with the use 
of several layers of fiber-glass fabric bonded t.o the cylinder a layer 
at,  a time in an attempt to prevent the occurrence of buckling adjacent 
to seams. In addition, <ne is r i i tuci inel  seams of the remaining cylin- 
ders were constructed without joggling one of the skins. A few of the 
cylinders constructed after the process of joggling one of the skins 
had been discontinued were also reinforced with fiber-glass fabric. 
This was done only if buckling seemed to occur near a longitudinal 
seam. 

The cylinders were constructed of 7075-T6 aluminum alloy. Typical 
Young's modulus E 

p was assumed to be 0.32. 
material properties were used in reducing the data. 
was taken as 10,500 ksi and Poisson's ratio 

Test Procedures 

The test setup for the bending tests is shown in the photograph of 
figure 2. The setup f o r  the compression tests was similar except for 
the method of load application. 
compression cylinders is shown in figure 3 .  In either setup the 

The method of applying load to the 
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cylinders were pressurized with an o i l  having a s p e c i f i c  gravi ty  of 0.91 
and with the  use of a hydraulic pumping u n i t .  O i l  pressure w a s  measured 
w i t h  a sens i t ive  Bourdon tube pressure ind ica tor .  Corrections t o  the 
indicated pressure were made t o  account f o r  the difference i n  e levat ion 
between the t e s t  sect ion of the t e s t  cylinders and the pressure indica- 
t o r .  The pressure w a s  corrected t o  the  top of the  cylinder f o r  the  
bending t e s t s  and t o  the  center of the uppermost fu l l - length  bay of 
t h e  cylinder f o r  the  compression t e s t s .  

- 

Pr ior  t o  t e s t i n g ,  several  resistance-type wire s t r a i n  gages were 
mounted on the cylinder a t  s t r a t e g i c  locat ions on e i t h e r  side of the  L 
skin of the cylinders.  S t ra ins  from t h e  gages were autographically E 
recorded during the  t e s t  with the use of a 24-channel E 
The s t r a i n s  were used t o  help de tec t  cylinder buckling and t o  1 

s t r a i n  recorder.  
check on 

t h e  uniformity of s t r e s s  d i s t r i b u t i o n  i n  the cylinders;  f o r  compression 
cylinders with f iber -g lass  reinforcements along longi tudinal  seams, the 
buckling s t r e s s  w a s  deduced from the strain-gage readings because of 
t h e  inherent uncer ta in t ies  associated with determining the buckling 
s t r e s s  from the applied load. The buckling s t r e s s  w a s  obtained by 
averaging the  r e s u l t s  of back-to-back gages a t  th ree  equidis tant  loca- 
t ions  around the  cylinder.  Strain-gage r o s e t t e s  were used i n  place of 
l i n e a r  s t r a i n  gages i n  a t  l e a s t  one of the  three  locat ions so t h a t  the 
e f f e c t  of Poisson's expansion could be taken i n t o  account. N 

The procedure i n  each t e s t  w a s  t o  pressurize  the  cylinder u n t i l  
the  desired pressure w a s  reached. 
and the applied load, e i t h e r  bending or  compression, w a s  increased 
u n t i l  l o c a l  buckles snapped i n t o  the  cylinder w a l l .  The load w a s  then 
released and the procedure repeated. I f  the same buckling load w a s  
obtained i n  t h e  second t e s t ,  another pressure was selected and the 
process w a s  repeated with the  new pressure.  The procedure w a s  con- 
t inued u n t i l  a l l  the da ta  desired were obtained o r  u n t i l  damage t o  the 
cylinder r e s u l t e d  so t h a t  loads could not be repeated. The l a t t e r  w a s  
l i k e l y  t o  occur with cylinders having small values of R / t  
t e s t e d  a t  low values of i n t e r n a l  pressure.  It should be noted, how- 
ever, that  the  behavior of oi l -pressurized cylinders during buckling 
i s  rather  favorable i n  pro tec t ing  t h e  cylinders from damage due t o  the 
l a r g e  postbuckling deformations t h a t  o rd inar i ly  would occur. 
n a l  volume of t h e  t e s t  cylinders w a s  apparently less i n  the  buckled 
state than i n  the  unbuckled s t a t e ,  so  t h a t  buckling, which occurred 
suddenly with a s l i g h t  snap-through e f f e c t ,  w a s  accompanied by a mod- 
e r a t e  increase i n  i n t e r n a l  pressure as w e l l  as by a small decrease i n  
appl ied load and a small increase i n  shortening. The increase i n  
i n t e r n a l  pressure had the e f f e c t  of s t a b i l i z i n g  t h e  cylinders ( t h a t  is, 
increasing the  buckling s t rength of the  cyl inders)  as w e l l  as of 
re l ieving t h e  cylinders of some a x i a l  stress ( t h a t  i s ,  more of the 
appl ied load w a s  car r ied  by pressure a c t i n g  against  the  ends of the 
cylinder).  

The pressure w a s  then held constant, 

t h a t  were 

The i n t e r -  
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Load in the compression tests was applied through a balliiand-socket 
arrangement on top of the cylinder (fig. 3) in an attempt to obtain a 
uniform distribution of stress around the circumference of the cylinder. 
Readings from the strain gages indicated that the stress distribution 
prior to buckling was reasonably uniform. The indicated strains in the 
cylinders at three locations around the circumference of a test bay 
usually differed by less than 5 percent and always differed by less than 
10 percent. In computing the compressive stress in the cylinders the 
following factors were taken into account: 
and-socket arrangement and other fixtures on the upper end of the cylin- 
der, (2) the tension load in the cylinder resulting from oil pressure on 
the upper-end fixture, and ( 3 )  the contribution of the three skin splices 
to the resisting area of the cylinder wall. 

(1) the weight of the ball- 

Load in the bending tests was applied through a loading frame which 
converted jack load to bending moment. 
other loads in the test cylinders was minimized as far as practicable 
by employing rollers between moving surfaces and by counterbalancing 
fixtures near their center of gravity. Rollers were used between the 
loading frame and the floor supports as well as between the loading frame 
and the testing machine to allow the cylinders to shorten during loading 
and to restrict the loads at these locations to normal loads. The 
rollers were case hardened as were the surfaces against which they reacted. 
Stray loads not eliminated by counterbalancing and by the use of rollers 
were considered in reducing the data, including a 4-percent correction 
for friction vhich has been determined to be a representative value for 
t'ne losding fi-&32. H i l f  of the weight of the oil was counterbalanced 
~t +.he tin cf the cj-liz~fier. 'Vhe other half was supported by the massive 
tacL:;t..q '10 lir1icit the cy1ix~ie1.s ~ y e ~ c  Pt+m5ed. Y'his resulted in a 
beridiiig moment in the cylinders wilicki iiad s x i x 5 x n  value at the ~eri te i -  
os tne cyl l i -der .  In addition to this Ir,om.ent, the p-essirrized oil loaded 
the cylinder in tension as it did in the compression czse  find applied a 
small bending moment to the cylinder because of the change in internal 
pressure with changes in elevation. These moments and loads were con- 
sidered in determining the compressive extreme fiber stress in the test 
cylinders. 

(See fig. 2.) The presence of 

TEST RESULTS AND DISCUSSION 

Results of the tests are given in tables I and I1 and in figures 4 
and 5 in terms of the buckling stress coefficient 

parameter 

0 
E t  and the pressure p(Rr. The buckling coefficient is the usual one for moder- E t  

ately long isotropic cylinders, and the pressure parameter has the 
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signifiance of being the theoretical unrestrained growth of the cylin- 
der radius in sheet thicknesses resulting from the pressure p. Hence, 
with a pressure parameter of unity the radius of the cylinder should be 
increased by a sheet thickness because of hoop tension. Another useful 
significance can be associated with the pressure parameter. The ratio 
of hoop tensile stress to the small-deflection buckling stress PT 

-- - _. . - - - is {?(l - p2) times the pressure parameter. Hence, the 

iressure parameter is approximately 0.61 times tile ratio of the hoop 
tensile stress to the classical buckling stress of the cylinder. 

The compression tests will be discussed first because they are help- 
ful in interpreting the results of the bending tests. 

L 
8 
8 
1 

Compression Tests 

The theoretical small-deflection buckling stress was nearly achieved 
in the compression tests (fig. 4) when sufficiently large values of 
internal pressure were used. In the worst case a value of about 0.55 was 
actually obtained instead of the theoretical value of 0.61. Discrep- 
ancies of this magnitude would seem to be a likelihood for such tests 
because, as mentioned earlier, pressure-induced radial deformations com- 
mence growing at axial stresses approaching the theoretical buckling 
stress. These deformations may act as imperfections and induce buckling 
at loads somewhat less than the theoretical value. 

Experimental errors are expected to be somewhat greater for tests 
of pressurized cylinders than for tests of nonpressurized cylinders. 
Errors in measuring two quantities (load and pressure) are involved in 
the pressurized cylinder tests instead of a single quantity (load), and 
the measured buckling coefficient is a function of the difference of 
parameters containing these quantities. This could result in particu- 
larly poor accuracy for cylinders having ratios of radius to thickness 
larger than those reported herein that are tested at high values of 
internal pressure where most of the stabilization against buckling is 
derived from internal pressure. 
the applied load was carried in the walls of the test cylinder. 

In the present tests at least half of 

Scatter in the results presented is not large except for that shown 
in figure 4(b), where the results for cylinder 2 A  are particularly low 
for small values of internal pressure. The behavior of this cylinder 
as indicated by strain-gage output was different from the rest of the 
cylinders, even though the cylinder was not visibly of inferior quality. 
For the other cylinders the indicated load-strain relationship was 



nearly l i n e a r  un t i l  buckling which occurred with a s l i g h t  snap-through 
ac t ion  and which w a s  accompanied by abrupt changes i n  indicated s t r a i n .  
For  cylinder 2A the  indicat ion w a s  tha t  a buckle commenced developing 
in-the v i c i n i t y  of one of the s t r a i n  gages e a r l y  i n  the  test;  a t  a load 
somewhat l e s s  than the indicated buckling load, the buckle had developed 
t o  the  extent  t h a t  s t r a i n  reversa l  ( ref .  8) had occurred. Buckling when 
it f i n a l l y  occurred w a s  accompanied by a snap-through ac t ion  which w a s  
smaller than usual.  

Other invest igators  have not o1)tained the t h e o r e t i c a l  small- 
def lec t ion  buckling coef f ic ien t  a t  large values of i n t e r n a l  pressure.  
(See r e f s .  2, 3, 5 ,  and 6 . )  
previous t e s t s  and the  present t e s t s  is not known. 
ferences i n  t e s t  specimens and t e s t  techniques are evident.  
specimens d i f f e r  from those used i n  previous invest igat ions i n  t h a t  the 
present  specimens consisted of ring-stiffened cyl inders  comprising a 
t es t  sec t ion  of two o r  more bays and two buffer  bays, one on e i t h e r  end 
of the  tes t  sect ion.  The buffer bays were shor t  enough t o  be f r e e  of 
buckling. The specimens of other investigations were generally single- 
bay specimens clamped a t  each end t o  heavy f i x t u r e s .  
of the  two types of specimens a r e  known t o  d i f f e r  subs tan t ia l ly  €or  the 
zero-pressure case (ref.  7),  bu t  why they should d i f f e r  f o r  the  case of 
l a r g e  i n t e r n a l  pressures has not been explained. The values of R / t  
covered by previous t e s t s  were somewhat l a r g e r  than those covered by 
the  present t e s t s .  Values of R / t  comparable t o  those considered herein 
a r e  reported i i i  references 1 and 2, but data  a r e  not given f o r  la rge  
v a l u ~ s  of i n t e r n a l  pressure :here the t h e o r e t i c a l  buckling coef f ic ien t  
might have been attalnec?. 

The reason f o r  t h i s  discrepancy between 
However, some d i f -  

The present 

The tes t  r e s u l t s  

An irriprtact difference may be t h a t  of the  w a l l  n a t e r i a l  of the 
t es t  cylinders.  There i s  some evidence of p i a s i i c i t y  ir: sn%e of the  pre- 
vious tests which were made on cylinders of low-strength aluminum a l loys  
o r  of half-hard s t a i n l e s s  s t e e l ,  which has a r a t h e r  rounded s t r e s s - s t r a i n  
curve, whereas there  i s  no evidence of p l a s t i c i t y  i n  the present t e s t s .  
I n  t h e  invest igat ions of references 2, 3 ,  and 6, axisyrmnetric r a d i a l  
deformations were c l e a r l y  v i s i b l e  over la rge  port ions of the t e s t  cylin- 
ders  a t  high i n t e r n a l  pressures and a t  loads considerably l e s s  than the  
t h e o r e t i c a l  buckling load. E l a s t i c  theory ( r e f .  9) indicates  t h a t  such 
deformations should remain small u n t i l  the  t h e o r e t i c a l  buckling load i s  
approached. However, such deformations would be evident e a r l i e r  i f  the  
proport ional  l i m i t  of the  mater ia l  under the b i a x i a l  stress conditions 
present  were exceeded and, i f  present, the deformations might induce 
l o c a l  buckling a t  a lower s t r e s s  level .  The proportional l i m i t  of the 
w a l l  mater ia l  was  l i k e l y  exceeded f o r  some of the  tests of references 2 
and 3 ,  but  perhaps not exceeded i n  the  tests of reference 6.  Also, the 
proport ional  l i m i t  w a s  evidently exceeded i n  t h e  tests of reference 3 
where the  buckling load i s  shown t o  decrease with an increase i n  i n t e r n a l  
pres  sure.  
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The t e s t  procedure of previous invest igat ions w a s  sometimes d i f -  
fe ren t  from t h a t  employed i n  the present invest igat ion.  
example i s  evident i n  t a b l e  1 of reference 3 where d a t a  a r e  given f o r  a 
cylinder a f t e r  the cylinder had been apparently damaged by a previous 
t e s t .  In the  present t e s t s ,  the  cylinder 
w a s  assumed t o  be damaged i n  a t e s t  if  the buckling load could not be 
repeated i n  a rerun of the t e s t ,  and no f u r t h e r  d a t a  were taken. 
it might be noted t h a t  some of the t e s t  setups were considerably d i f -  
f e r e n t  from the present t e s t  setup. 
r e f s .  2 and 3.) 

A notable 

(See t e s t s  3(6) and 3 ( 8 ) . )  

Fina l ly ,  

(Note, p a r t i c u l a r l y ,  those of 

The changes i n  buckle pa t te rn  associated with changes i n  i n t e r n a l  
pressure observed i n  the  present t e s t s  were similar t o  those reported 
by other invest igators .  
zero t o  a large value the  buckle configuration changed from the  familiar 
nearly equal-sided diamond-shaped buckles having r a t h e r  severe bending 
d is tor t ions  around t h e i r  perimeter t o  buckles more elongated circumfer- 
e n t i a l l y  and having more moderate r a d i i  of curvature around the  perimeter 
of the buckle. (These types of buckles a r e  re fer red  t o  herein as l o c a l  
buckles.) A t  the higher pressures where t h e  t h e o r e t i c a l  buckling coef- 
f i c i e n t  w a s  near ly  achieved, an axisymmetric mode consis t ing of a cor- 
rugatedlike surface with the  corrugations running circumferent ia l ly  w a s  
evident p r i o r  t o  buckling i n  the  l o c a l  mode. (This mode i s  re fer red  t o  
herein as the axisyrmnetric mode.) A s  addi t iona l  shortening w a s  applied 
t o  the cylinder i n  the axisymmetric mode, it w a s  replaced by a l o c a l  
mode i n  which the longi tudinal  wavelength of buckles w a s  nearly t h a t  of 
the  axisymmetric mode which it replaced. The photographs of f igure  6 
display these buckling pa t te rns  f o r  one t e s t  cyl inder .  
the f i n a l  buckling p a t t e r n  i n  another t e s t  cylinder as it appeared a f t e r  
having been loaded considerably beyond buckling so as t o  accentuate the  
buckling pa t te rn .  

That is ,  as the  pressure w a s  increased from 

Figure 7 shows 

The behavior of the t es t  cylinders w a s  d i f f e r e n t  a t  d i f f e r e n t  
values of i n t e r n a l  pressure.  A t  low values of i n t e r n a l  pressure,  
buckling occurred r a t h e r  abruptly with appreciable shortening of the 
cylinder;  whereas, at higher values of i n t e r n a l  pressure,  buckling 
occurred more gradually and w a s  accompanied by l e s s  shortening. 
values of i n t e r n a l  pressure, axisymmetric deformations became v i s i b l e  
near the  rings a t  loads somewhat l e s s  than the buckling load. 
der  i n  t h i s  s t a t e  of deformation w a s  i n  s t a b l e  equilibrium and fur ther  
increases i n  load resul ted i n  an accentuation of t h e  axisymmetric pat-  
t e r n  as well as a spread of the v i s i b l e  p a t t e r n  t o  areas  f a r t h e r  from 
the  r ings .  
p a t t e r n  was usual ly  v i s i b l e  over t h e  e n t i r e  cylinder and a t  s l i g h t l y  
higher loads w a s  replaced by l o c a l  buckles as j u s t  discussed. 
behavior i n  t h e  present t e s t s  d i f fe red  from t h a t  of other  invest igat ions 
i n  t h a t  deformations i n  the axisymmetric mode were not i n  any case 

A t  high 

The cyl in-  

When the  load approached t h e  t h e o r e t i c a l  buckling load, the  

Cylinder 

L 
8 
8 
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9 . 
clearly visible over a large portion of the cylinder until the theoreti- 
cal small-deflection buckling load was approached. 

Bending Tests 

Results of the bending tests are given in figure 5. The buckling 
coefficients given are for the extreme compression fiber of the cylin- 
der and were obtained using the original section modulus (I/c) of the 
cylinder. Two values of stress coefficient are given in some cases for 
high values of internal pressure. The upper value corresponds to local 
buckling of the cylinder, and the lower value corresponds to strain 
reversal (ref. 8) in the cylinder wall at the longitudinal center line 
of a test bay of the cylinder. The strain-reversal values are given 
because they are indicative of cylinder behavior at high pressures where 
radial deformations in the axisymmetric mode (a misnomer in the bending 
case) are significant. 

The values of stress coefficient shown for strain reversal corre- 
4 spond closely to the theoretical buckling coefficient of the cylinder 

and represent the beginning of large deformations in the axisyrmnetric 
mode. At loads corresponding to strain reversal, radial deformations 
had grown to the extent that they were visible over practically the 
entire bay length of the cylinder in the region of maximum compressive 
stress. At corresponding loads for the compression tests discussed pre- 
viously, the axisy-mmetric deformations grew rapidly with a corresponding 
growth in cylinder shorteliing fer snall increases in applied load until 
local buckling occurred. The same action is believed to have occurred 
here. 'That is, the axial stress in t h e  cylinder wall at the extreme com- 
pression fiber probably did not change appreciably between the loads 
repssented by strairi i-eversal and local buckling. The large change 
in stress shown really represents a change in applied momeni. The mxez~t 
increased without increasing the stress in the extreme compression fiber 
because the distribution of stress in the cylinder changed with the side 
walls of the cylinder taking more of the load. The action is similar to 
that of a cylinder in which the compressive stresses exceed the propor- 
tional limit of the wall material; use of the stress coefficient in the 
present application is equivalent to the use of the familiar "rupture 
coefficient" in the plastic case. Strain-reversal points are not given 
for cylinders with small values of the curvature parameter Z because 
strain reversal at the center of a bay for such cylinders occurs early 
and does not represent the load at which axisymmetric deformations 
commence growing rapidly with small increases in applied load. 

Y 

A comparison of the results shown in figures 4 and 5 indicates 

the cylinder wall to withstand increases in compressive stresses in the 
bending case than in the compressio;~ case. For example, for a cylinder 

b that small amounts of internal pressure are more effective in stabilizing 

* 
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i n  bending with 0.020-inch w a l l  thickness,  an i n t e r n a l  pressure of approxi- 
rnately 6 p s i  w a s  required t o  s t a b i l i z e  the  cyl inder  so  t h a t  the  theore t i -  
c a l  compressive buckling s t r e s s  w a s  nearly obtained. For the cylinder 
i n  compression, an i n t e r n a l  pressure of approximately 15 p s i  w a s  required.  

CONCLUDING REMARKS 

The r e s u l t s  of bending and compression t e s t s  of pressurized ring- 
s t i f fened c i r c u l a r  cylinders a r e  presented. Unlike the  r e s u l t s  of pre- 
vious invest igat ions the  t h e o r e t i c a l  buckling coef f ic ien t  of 0.6 w a s  
nearly achieved i n  a l l  t e s t s  a t  high values of i n t e r n a l  pressure.  More 
pressure w a s  required i n  the compression t e s t s  than i n  the  bending t e s t s  
t o  achieve the  coef f ic ien t  of 0.6. 
large a t  high values of i n t e r n a l  pressure and consisted of a corrugated- 
l i k e  surface with the  corrugations running circumf'erentially. 

The prebuckling deformations were 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  Va . ,  January 18, 1960. . 

4 
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TABm I.- DIMENSIONS AND TEST RESULTS OF COMPRESSION CYLINDERS 

Cylinder 

1A 

E! 

1c 

2A 

2B 

- _ _ _  
t, in. 

0.0227 

.a221 

,0212 

.0199 

.0222 

E 

I 

1 
R 
- 

0.587 

,987 

.987 

.493 

.493 

Splice details 
Test length, 

bays 
- 

0.029 
.118 
.207 
,296 
,386 
,475 
.564 
.6>4 
.743 
.788 
.832 
.e77 
,922 

.029 

.119 

. a 9  

.a99 

.393 
,480 
,570 
.660 
.TO5 
.no 
,795 
,841 
,886 
,931 
.976 

,031 
.129 
,227 
,325 
,423 
,521 
.619 
,717 
.761 
.eo5 
.849 
.892 
,956 
,980 

,028 
.140 
.251 
.362 
.474 
.585 
.6% 
.a07 
,919 

1.030 
1.086 
1.141 
1.197 
1.253 
1.309 

.023 

.111 

.I93 

.279 

.368 

.457 

.545 
,634 
,723 
,812 
.e56 
.go1 
.945 
.989 

1.034 
1.078 

*Longitudinal d l  splices consist of lap joints of joggled construction with fiber-glass reinforcement. 
bLongitudinal wall splices consist of lap joints constructed vithout joggling wall. 

O R  _ -  
E t  

0.542 
,383 
,405 
.428 
,455 
,483 
,503 
,527 
.541 
.554 
.585 
,585 
.586 

.297 

.356 

.411 

.451 

.456 

.493 

.497 
,508 
.523 
.528 
.539 
.538 
.547 
,552 
,562 

.324 

.421 
,429 
.460 
.4% 
.517 
.538 
.570 
.571 
,577 
,585 
,583 
,598 
,604 

.164 

.246 
,304 
.356 
.595 
,428 
.457 
,486 
,517 
.538 
.548 
.554 
.555 
.558 
,559 

,246 
.306 
,353 
.393 
.424 
.448 
.457 
.494 
.517 
.538 
.550 
.557 
.571 
.579 
.578 
.563 

6 

. 



TABU I.- DIMENSIONS AND TEST RESULTS OF COMPRESSION CYLINDERS - Concluded 

2ylinder 

2c 

3A 

3B 

3c 

4A 

4B 

t,, in. 

0.0223 

.0194 

.01* 

. O l B  

* 0327 

.0328 

R 
t 
- 2 

R 
- 

3 -493 

.e46 

.246 

.246 

.97 

987 

Splice details 
Ce s t length, 

bays 

0.465 
.554 

.263 

.381 

.499 

.616 

.734 

.911 

.027 

.144 

.262 

.379 

.496 

.613 - 730 

.848 

. go6 
-965 

.145 

.852 

1.023 

1.141 

.027 

.143 

.259 

.376 

.492 

.608 

.724 

.840 
-898 
-957 
1.015 
1.073 
1.131 

1.082 

.669 

.421 

aR 
E t  

0.518 - 530 
.433 
.479 
.512 

.549 

.556 

.560 

.561 

.353 

.449 

.482 

.518 
- 554 
-578 
-600 
.614 
.615 
.613 
.615 
.617 

* 530 

.616 

-521 
.407 
.459 
.506 
-532 
.539 
.558 
.567 
.565 
-566 
.567 
-568 
.573 

.617 

.553 

bLongitudinsl wall splices consist of lap joints constructed 

CLongitudinal wall splices consist of lap joints with fiber- 
without joggling wall. 

glass reirforceEent. Lap joints were constructed without joggling wall. 
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TABLE 11.- DIMENSIONS AND TEST RESULTS OF BENDING CYLINDERS~ 

e 

Cylinder  t, i n .  

o .0191 

.0183 

.0220 

.0211 

.0197 

E 
t 

1 
R 
- 

0.987 

.9m 

.9a7 

.493 

.246 

Test  l eng th ,  
bays 

P R 2  
E k  1 
0 
.060 
.121 
.181 
.241 
.302 
.362 
.423 
.483 
,543 
.603 
.664 

0 
.081 
.147 
.213 
.279 
.345 
.411 

0 
.046 
.o92 
.I37 
.182 
.228 
.274 
.319 
.364 
,410 
.456 
.501 
.547 
.593 
.638 
.684 
.730 

0 
.050 
.099 
.149 
.198 
.248 
.297 
.347 
.396 
.495 

.057 
0 

.113 

.169 

.226 

.282 

.339 

.395 

.452 

.508 

.565 

.678 

.790 

.903 

Buckling 

0.359 
.450 
.502 
.543 
.575 
.589 
.598 
.608 
.628 
,653 
.676 
.696 

.444 
,510 
.540 
.565 
.584 
.592 
.618 

.410 
,483 
.539 
.561 
.589 
,606 
,626 
.641 
.653 
.669 
.681 
.688 
.701 
.711 
.725 
.736 
.753 

.376 

.451 

.483 

.521 

.552 

.592 

.622 

.641 

.664 

.710 

.373 

.437 

.483 

.524 

.557 

.598 

.630 

.663 

.700 

.721 

.772 

.798 

.840 

.860 

S t r a i n  r e v e r s a l  

0.538 
.539 
,541 
.553 
.546 
.560 
.578 
.577 

.610 

.617 

.605 

.602 

.621 

.627 

.637 

.6:5 

.636 

.628 

aLongitudinal wall s p l i c e s  c o n s i s t  of l a p  j o i n t s  of joggled cons t ruc t ion  without  f i b e r -  
g l a s s  reinforcement.  



TABLE 11.- DIMENSIONS AND TEST RESULTS OF BENDING CYLINDERSa - Concluded 

b 

Cylinder 

8 A  

8B 

ac 

9A 

t, i n .  

0.0324 

.032l 

.03X, 

-0523 

- 

E 
t 

- 
469 

473 

+75 

?gl 
- 

- 

1 
R 
- 

- 
3.987 

987 

.987 

.987 

Test length 
bays 

3 

3 

3 

3 

0 
.Ob2 
.084 -~ 

.126 

.168 

.210 

.252 
* 293 
335 

-377 
.419 
.461 
* 503 
.545 

0 
.043 
.085 
.128 
.171 
.213 
.25b 
.2g3 
.341 
. 584  
. k26 
.469 
.511 
.554 - 597 
.640 

.Ob3 

.215 

.258 

.301 

.344 

.387 

.430 

.121 

.242 

a R  
E t  

Buckling S t r a i n  r eve r sa l  

0.408 
-457 
-475 
-495 - 519 
.537 
.553 
-573 
-591 
.607 
.620 
.627 
.641 
.655 

.424 

.460 

.492 

.516 

.539 

.555 

.?TO 
GQO 

.600 

.616 

.638 

.646 

.654 

.655 

.663 

.673 

. 500 

.547 

.575 

.587 
* 591 
596 

.636 

.600 

/u 

----- 

0.536 

- 587 
.600 
-597 
.609 

* 551 

.605 

i 527 
.53’ 
.54g 
.>45 
.543 

.547 
-543 
.560 
.561 
.544 

C1.A 
.)VU 

.581 

.586 

aLongitudinal w a l l  sp l i ce s  consist of l a p  j o i n t s  of joggled cons t ruc t ion  
b without  f ibe r -g l a s s  reinforcement. 
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0.020 

2 l 1 7 - T 4  a l u m i n u m i l l l o y  XTt 
r i v e t s  iAiu4.561 s p a c e d  1 0 .064 

a t  approximately 2 i n  

9 i a m e t e r  o t  r i n g  a t t a c h m e n t  r i v e t s  

R i v e t  d i a m e t e r , i n .  

Figure 1.- Reinforcing rings of test cylinders. 
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O R  
E t . 4 -  

.2 

T h e o r e t i c a l  b u c k l i n g  c o e f f i c i e n t  

0 0  

0 0  Q 

0 ao 0 

8 

- 

0 
0 

C y 1  i n d e r  T 

0 I A  685  

0 I B  688 

0 I C  717 

1 
K 

.987 

.987 

.987 

(a) Q l i n d e r  1. 

c - T h e o r e t i c i l l  S-ck! i n 9  c o e f f i c i e n t  

0 
0 0  0 

0 
0 

0 

0 

0 C y 1  i n d e r  E t R  I 
0 2 A  765 .493 

0 2 8  685 .493 

0 2 c  682 .493 

I 1 

0 .2 .4 .6 .E 1.0 1.2 

(b) Cylinder 2. 

Figure 4.- Effect  of i n t e rna l  pressure on the  buckling coef f ic ien t  f o r  
cylinders i n  compression. 



20 

.2 

0 

- 

Cy1 i n d e r  E 
t R  

0 3A 782 .246 

0 782  .246 

7 8 0  .246 

3 8  

0 3c 

T R  
E t ''- 

.2 

I I I I I 1 t 

0 .2  . 4  .6 .8  1.0 1.2 

- 

( c )  Cylinder 3 .  

Cy1 i n d e r  ' 
0 4A 465 . 9 8 7  

0 48 4 6 3  .987  

T r r  

c 

(d) Cylinder 4. 

Figure 4.- Concluded. 

4 
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.4 

.2 

0 

C y 1  i n d e r  !! - ' 
t R  

0 5 A  7 9 5  .987  

- 0 5 B  831  .987  

0 5c  6 9 2  .987  

I 1 
0 .2 .4 .6 .8 

(a) cylinder 5 .  

T h e o r e t i c a l  b u c k l i n g  

, c o e f f i c i e n t  0 

0 
0 

0 
0 

C y l i n d e r  !? t T i  
0 6A 721 . 4 9 3  

0 .2 .4 .6 .8 

(b)  Cylinder 6A. 

Figure 5.- Effect  of i n t e rna l  pressure on the buckling coef f ic ien t  f o r  
cylinders i n  bending. Symbols with t a i l s  denote s t ra in- reversa l  
s t r e s ses .  
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.2  

.i 

.6 

O R  
;E T .4 

. 2  

0 

- 

.- 

0 
0 

0 

Cy1 i n d e r  E t F  
0 7A 7 7 0  . z 4 6  

2 .6 

( c )  Cylinder 7A. 

T h e o r e t i c a l  b u c k l i n g  I- c o e f f i c i e n t  

i 

.8 

Cy1 i n d e r  !! 1 
t 2  

0 8A 4 6 9  .987 

0 8 6  4 7 3  .987 

0 8C 4 7 5  .987 

I I 
.8 .6 0 .2 .4 

(4 
Figure 

Cylinder 8. 

5.- Continued. 

7 aJ 
03 
P 
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.E 

.€ 

n i i  e t  

.2  

T h e o r e t  I c a  I b u c k  I i n g  

c o e f f i c i e n t  /- _ _ _ _  B- ----a- 

c y l  i n d e r  i! 2 
t R  

9A 291 .987 0 

I 

(e )  C'ylinder 9A. 

Figure 5.- Concluded. 
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L-59-2984 
(a) Local buckling at l o w  value of internal pressure. a 5 = 0.356; 

E t  "p)2 = 0.119. 
E t  

Figure 6.- Buckling of pressurized cylinder in compression. E = 688; 
t 

- 1 = 0.987. (Note fiber-glass reinforcement of longitudinal seams.) 
R 
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5 

L-59-2982 
(b) Axisymmetric deformations of cylinder wall at a large value 

of internal pressure and at a large value of applied load. 

Figure 6.- Continued. 
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I W  

L-59-2983 
Note moderate (c) Local buckling at large value of internal pressure. 

radii of curvature around perimeter of local buckles- 

E t  

a 
E t  = 0.352; 

= 0.931. 

Figure 6.- Concluded. 
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